We have investigated mechanisms of mitochondrial stressinduced phenotypic changes and cell invasion in tumorigenic but poorly invasive human pulmonary carcinoma A549 cells that were partly depleted of mitochondrial DNA (mtDNA). Depletion of mtDNA (genetic stress) caused a markedly lower electron transport-coupled ATP synthesis, loss of mitochondrial membrane potential, elevation of steady state [Ca 2+ ] c , and notably induction of both glycolysis and gluconeogenic pathway enzymes. Markers of tumor invasion, cathepsin L and TGFb1, were overexpressed; calcium-dependent MAP kinases (ERK1 and ERK2) and calcineurin were activated. The levels of anti-apoptotic proteins Bcl2 and Bcl-X L were increased, and the cellular levels of pro-apoptotic proteins Bid and Bax were reduced. Both mtDNA-depleted cells (genetic stress) and control cells treated with carbonyl cyanide m-chlorophenylhydrazone (metabolic stress) exhibited higher invasive behavior than control cells in a Matrigel basement membrane matrix assay system. MtDNA-depleted cells stably expressing anti-sense cathepsin L RNA, TGFb1 RNA, or treated with specific inhibitors showed reduced invasion. Reverted cells with 80% of control cell mtDNA exhibited marker protein levels, cell morphology and invasive property closer to control cells. Our results suggest that the mitochondriato-nucleus signaling pathway operating through increased [Ca 2+ ] c plays an important role in cancer progression and metastasis. Oncogene (2002Oncogene ( ) 21, 7839 -7849. doi:10.1038 Keywords: mitochondria; calcium signaling; cathepsin L; TGFb; tumor invasion; MAP kinases
Introduction
The role of mitochondria in carcinogenesis was initially suggested by Warburg et al. (1926; Warburg, 1956) , based on the observation that number of experimentally induced rodent tumors exhibit reduced respiration-coupled oxidative metabolism and increased glycolysis. Since then, altered mitochondrial morphology, as well as changes in mitochondrial enzyme patterns and membrane transport systems, have been described in several tumor types (Zafar et al., 1982) . Cell fusion studies (Jonasson et al., 1977; Howell and Sager, 1978; Giguere and Morais, 1981) also suggest that unknown cytoplasmic elements may play roles in carcinogenesis. Fusion between normal cytoplasm and karyoplasts from malignant phenotypes resulted in the ablation of tumorigenicity (Israel and Schaeffer, 1987) and conversely, the cytoplasm of the malignant phenotype could transfer the malignancy to the karyoplasts from normal cells (Israel and Schaeffer, 1988) . Studies using mitochondrial DNA (mtDNA)-depleted tumor cells to evaluate the role of mtDNA, and thus mitochondrial function in tumorigenicity have yielded mixed results (Giguere and Morais, 1981; Morais et al., 1994; Cavalli et al., 1997; Cavalli and Liang, 1998; Hofhaus and Gattermann, 1999) . Cavalli et al. (1997) found diminished tumor formation by glioblastoma cells following depletion of mtDNA (r 0 cells) with ethidium bromide treatment, while Morais et al. (1994) found increased capacity to proliferate and form tumors in vivo by ovarian, and cervical carcinoma cells and osteosarcoma cells following mtDNA depletion. Recently, wide range of tumors have been shown to contain both heteroplasmic and homoplasmic mutations as well as deletions in their mtDNA (Horton et al., 1996; Polyak et al., 1998; Fliss et al., 2000; Yeh et al., 2000) . Since the genes involved in tumorigenicity are largely nuclear encoded, one wonders if damage to mtDNA somehow helps activate nuclear oncogenes; or if induced mutations and altered mitochondrial functions are the consequence of the carcinogenic processes, but not contributing factors.
Recent studies from our laboratory showed that partial depletion of mtDNA and disruption of mitochondrial membrane potential (Dc m ) induced a novel mitochondria-to-nucleus stress signaling in C2C12 rhabdomyoblasts. This change in Dc m was accompanied by elevated cytosolic free [Ca 2+ ] c and activation of calcium responsive transcription factors (Biswas et al., 1999) . Our results also demonstrated that the mitochondria-to-nucleus stress signaling induces invasive phenotypes in otherwise non-invasive C2C12 rhabdomyoblasts (Amuthan et al., 2001) . Tumor-specific markers cathepsin L and transforming growth factor b1 (TGFb1) were shown to be among the several genes that are overexpressed in cells subjected to mitochondrial genetic and metabolic stress. Activation of Ca 2+ dependent PKC and calcineurin mediated inactivation of IkBb were associated with increased cathepsin L gene expression, which in turn contributed to invasive property of these cells (Amuthan et al., 2001; Biswas et al., unpublished) .
In the present study we investigated the generality of mitochondria-to-nucleus stress signaling and its associated changes in both nuclear gene expression and invasive behavior using human lung carcinoma A549 cells, which normally exhibit low invasive behavior (Mooradian et al., 1992) . We show here that mtDNA depletion causes elevated [Ca 2+ ] c , increased cytosolic calcineurin, and activation of calcineurin-dependent factors. In marked deviation from the signal pathways activated in C2C12 rhabdomyocytes, mtDNA-depleted A549 cells exhibited the activation of MAP kinase. We also observed increased expression of cathepsin L, TGFb1, and a number of other nuclear marker genes that were induced in C2C12 cells subjected to mitochondrial stress (Amuthan et al., 2001) . Interestingly, mtDNA depletion also caused overexpression of antiapoptotic Bcl2 and Bcl-X L genes and also genes involved in de novo glucose biosynthesis that may play a role in increased resistance to apoptosis. Finally, the mtDNA-depleted A549 cells exhibited altered cell morphology and increased invasive behavior in an in vitro Matrigel assay system.
Results

Growth characteristics and morphology of mitochondrial DNA-depleted A549 cells
We chose the human pulmonary adenocarcinoma cell line A549 for this study since these cells are less invasive, though they produce localized tumors in nude mice (Mooradian et al., 1992; Hojo et al., 1999) . We generated mtDNA-depleted A549 cell line by culturing cells in the presence of 100 ng/ml of ethidium bromide (EtBr) for 30 division cycles, essentially as described before for C2C12 rhabdomyoblasts (Biswas et al., 1999) . EtBr, a phenanthredine dye, selectively inhibits the mtDNA replication. At the low level used in this study, this agent has no detectable effect on nuclear DNA replication or cell cycle events. As shown in Figure 1a , the levels of mtDNA-encoded cytochrome c oxidase I (COX I) mRNA was reduced by over 80% in mtDNA-depleted cells. The mRNA level returned to about 85% of the control cell level in reverted cells that were grown in a medium lacking EtBr for 25 division cycles. The levels of 18S rRNA used as a loading control did not vary under these treatment conditions. The relative mtDNA levels of the control, depleted and reverted cells, determined by Southern blot analysis of total cell DNA, are shown below the gel profile, and are consistent with the COX I mRNA levels. As shown in Figure 1b , the COX activity in mitochondria isolated from these cells also shows a similar pattern.
We also measured the mitochondrial transmembrane potential (Dc m ) using MitoTracker Orange CM-H 2 TMRos (MTO). The reduced form of the dye is taken up by actively respiring cells. Inside the cells, the dye is oxidized to mitochondria-selective form, which sequesters inside the mitochondrial membrane-matrix compartment and is converted to fluorescent form (extinction 525 nm and emission 576 nm) (Buckman et al., 2001) . As shown in Figure 1c , the fluorescence units at emission 576 nm increased linearly for about 10 min after a ten-min lag. In mtDNA-depleted cells, however, there was no significant increase -suggesting the collapse of inside-out potential. Consistent with the recovery of mtDNA content and COX activity, the reverted cells showed increase in fluorescence, suggesting re-establishment of membrane potential (Dc m ). The fluorescence change in reverted cells was about 70% of that observed in untreated control cells. Figure 1 MtDNA contents, and transmembrane potential in depleted and reverted cells. (a) Northern blot hybridization of RNA from control, mtDNA-depleted and reverted cells using the mouse mitochondrial COX I coding DNA probe. In each case 25 mg of RNA was loaded on the gel. mtDNA contents were determined by Southern blot hybridization using an mtDNA-specific probe. The extent of hybridization was determined by imaging through a BioRad GS-525 molecular Imager. The radioactivity in control sample was considered to be 1 in determining the relative DNA contents of mtDNA depleted and reverted cells. The relative mtDNA content of each cell type is indicated at the bottom of (a). (b) COX activity of mitochondrial isolates were assayed as described in Materials and methods. (c) Spectrofluorometric patterns of mitochondrial uptake of MTO (50 nM), as described in Materials and methods. Excitation at 525 nm and emission at 575 nm were followed In keeping with results reported for various r 0 cells and mtDNA-depleted C2C12 cells, the mtDNAdepleted A549 cells showed auxotrophic dependence on uridine and pyruvate for growth (results not shown). As compared to the untreated control cells (Figure 2a) , the mtDNA-depleted cells exhibited reduced cell density and were larger and more elongated (Figure 2b) . The reverted cells, on the other hand, appeared more rounded and closer to the control cells in morphology (Figure 2c ). The morphological changes were similar to those in cyclosporin-treated cells described by Hojo et al. (1999) , which were also shown to be more invasive. As shown in Figure 2d , the mtDNA-depleted cells exhibited a markedly slower growth rate as compared to control cells, which is characteristic of r 0 and r 7 cells (Desjardins et al., 1985; King and Attardi, 1989; Miranda et al., 1999) . Furthermore, the reverted cells showed a growth rate similar to that of the control cells, suggesting that the altered cell morphology and growth rates are related to the mtDNA content of these cells.
Effect of mtDNA depletion on ATP generation
We also measured the total cellular ATP as well as ATP generated through the mitochondrial respiratory chain using a bioluminescence-coupled assay. Total cell ATP minus the ATP synthesized in cells pretreated with carbonyl cyanide m-chlorophenylhydrazone (CCCP) or oligomycin was considered to be the pool generated through extramitochondrial sources (CCCP and oligomycin insensitive). Figure 3a shows that the total cellular ATP pool in mtDNA-depleted cells was reduced by about 50%, which was brought back to about 90% of the control level in reverted cells. It is also seen that about 40 -50% of the total ATP pools in control and reverted cells were sensitive to CCCP and oligomycin, reflective of the mitochondrial contribution. The mtDNA-depleted cells, on the other hand, showed vastly reduced CCCP and oligomycin-sensitive ATP pools. These results are consistent with reduced COX activity and disrupted Dc m . Since mtDNA-depleted cells generate a relatively higher proportion of ATP through extramitochondrial sources, we assayed the level of hexokinase (HK), the first unidirectional enzyme step of glycolysis. Figure 3b shows that HK activity was induced by nearly fourfold in mtDNA-depleted cells, and was reduced to near normal level in reverted cells. Figure 3c shows that PEPCK activity, the first enzyme of de novo glucose biosynthesis through gluconeogenesis, is also induced by about twofold, and reduced by about 50% in reverted cells. It is highly surprising that both enzymes of glycolysis and gluconeogenesis are induced in mtDNA-depleted pulmonary A549 cells. Gluconeogenesis is not common to the lung tissue and also glycolysis and gluconeogenesis in the liver and kidney are reciprocally regulated by glucagon and insulin. (Werth et al., 1996; Hehl et al., 1996; Jouaville et al., 1995) . In a recent study we showed that mitochondrial stress conditions, which disrupt Dc m , cause a steady and sustained increase in cytoplasmic free Ca 2+ ([Ca 2+ ] c ) (Biswas et al., 1999) . These changes in C2C12 myocytes were also associated with increased expression of RyR1 Ca 2+ channel gene expression and increased steady state levels of RyR1 protein. The generality of these events was determined in mtDNA-depleted A549 cells. Figure  4a shows that caffeine, an agonist of RyR family Ca 2+ channels, induced the release of Ca 2+ current in the range of 126 nmol/sec in control A549 cells; while acetylcholine, an agonist of IP3 channels induced the release of Ca 2+ at 102 nmol/sec. In depleted cells, however, caffeine induced the release of a nearly twofold higher level of Ca 2+ , while acetylcholineinduced release was reduced to *60 nmol/sec. The reverted cells, on the other hand, showed the caffeine and acetylcholine mediated Ca 2+ release patterns similar to those found in the control cells (115 nmol/ sec). We also measured the steady state Ca 2+ levels in these cells and found significant differences, as previously observed with C2C12 cells. In accordance with the results reported by Wen and Lin (2000) , the [Ca 2+ ] c levels in A549 control cells was in the range of 200 -220 nM. The steady state Ca 2+ levels in mtDNA-depleted cells, on the other hand, were increased to about 500 -510 nM, and level in reverted cells was about 300 -320 nM. These results showed that both the caffeine-induced Ca 2+ release and basal Ca 2+ levels were increased in mtDNA-depleted cells and were brought back to near normal levels in reverted cells, which contain both mtDNA and Dc m close to that of control cells.
Consistent with the increased caffeine-induced Ca 2+ currents, the level of RyR2 protein in mtDNA-depleted cells was increased by about threefold, which was reversed to near control cell level in reverted cells (Figure 4d ). The skeletal-specific isoform RyR1, which is not normally expressed in epithelial cells, was not expressed in any of the three cell types (results not shown). Surprisingly, despite an observed decrease in the acetylcholine-induced Ca 2+ release, the level of IP3-1 channel protein was increased in mtDNAdepleted cells. The reason for the observed disparity 
Mitochondrial stress-induced changes in the cytoplasmic and nuclear factors
We next investigated the levels of Ca 2+ responsive cytoplasmic and nuclear factors, as well as the steady state levels of proteins implicated in cell invasion and apoptosis in mtDNA-depleted and reverted cells. Matrix protease cathepsin L is an important marker for invasive tumors (Cuvier et al., 1997; Kim et al., 1998) . Similarly, TGFb has been shown to be important in inducing the invasive behavior in several tumor cells including A549 (Hojo et al., 1999; Fujimoto et al., 2001; Hata, 2001) . Immunoblot analysis of post-nuclear protein fraction (Figure 5a ) showed that the levels of both cathepsin L and TGFb are three to six times higher in mtDNA-depleted cells. The levels of these proteins were marginally reduced in reverted cells. Results also show that anti-apoptotic factors Bcl2 and Bcl-X L are three to four times greater in depleted cells and returned to near normal cell levels in reverted cells. The levels of pro-apoptotic factors Bid and Bax were either marginally reduced or remained unchanged in mtDNA-depleted cells. Additionally, as shown in Figure 5b , Ca 2+ responsive factor calcineurin was increased three to five times in mtDNA-depleted cells, but the level was reversed to near control levels in reverted cells. As previously reported in C2C12 cells, the levels of Ca 2+ storage proteins calreticulin and calsequestrin were also two to four times greater in mtDNA-depleted cells. The level of Na + /K + ATPase, used as a loading control for post-nuclear protein fraction, remained the same in all three types of cells.
Immunoblot analysis of nuclear protein extracts in Figure 5c shows that the levels of phosphorylated MAP kinase P44 as well as P42 (variably termed ERK1 and ERK2) were three to four times greater in mtDNA-depleted cells, and returned to the normal cell level in reverted cells. The levels of nuclear transcription factors Egr-1, ATF2, and NFATc were also two to five times higher in mtDNA-depleted cells. The levels of these factors remained significantly higher in the reverted cells than in the control cells, though they were markedly lower than those in mtDNA-depleted cells. The level of ubiquitous nuclear transcription factor YY-1 remained unchanged by cellular mtDNA contents. These results show that the mitochondrial stress signaling resulting in increased [Ca 2+ ] c also caused a change in the levels of nuclear factors and increased expression of several nuclear target genes.
Invasive property of mtDNA-depleted cells
Results of altered cell morphology (Figure 2 ) and increased expression of nuclear genes in mtDNA depleted cells ( Figure 5 ) prompted us to investigate the invasive property of these cells. We tested the role of increased cathepsin L and TGFb1 expression on the invasive property using mtDNA depleted cells stably expressing anti-sense RNAs. Immunoblot analysis of post-nuclear protein fraction from anti-sense cathepsin L RNA (Figure 6a ) and anti-sense TGFb1 RNA (Figure 6b ) expressing cells showed 60 -80% reduced cathepsin L and TGFb1 protein levels, respectively. We also assayed both intracellular and excreted cathepsin L activity in control and mtDNA-depleted cells, as well as cells stably expressing anti-sense cathepsin L RNA. Consistent with the increased protein levels shown in Figure 5 , depleted cells exhibited about four times higher intracellular cathepsin L activity and also secreted about five times more cathepsin L into culture medium as compared to control cells (Figure 6c ). The reverted cells showed significantly reduced intracellular as well as secreted activities, though they were about twofold higher than in control cells. MtDNA-depleted cells expressing anti-sense cathepsin L RNA showed markedly reduced intracellular and excreted cathepsin L activities, somewhat closer to those of control cells (Figure 6c ). The possible increase in cathepsin L protein and activity in mtDNA-depleted cells due to transcriptional activation of gene expression was investigated by transcription analysis of mouse cathepsin L promoter construct. The cathepsin L promoter activity was three times higher in mtDNA-depleted cells than in untreated control cells, and it was reduced to about twice the control level in reverted cells ( Figure  6d ). As shown for C2C12 cells (Amuthan et al., 2001) , increased cathepsin L activity in mtDNA-depleted A549 cells is likely due to increased cathepsin L gene expression.
In vitro invasion assay was carried out using the Matrigel assay system (Yagel et al., 1989) , which measures the extent of invasion through a reconstituted biologically active basement membrane matrix. As seen in Figure 6e , the depleted cells exhibited 3.5 -4 times higher invasion than the control cells. The reverted cells showed markedly reduced invasion, though nearly twofold more than the control cells. The reduced invasive behavior is consistent with the reduced levels of various factors and also marker proteins in reverted cells as compared to mtDNA-depleted cells, but is significantly higher than in control cells. CCCP, an uncoupler of oxidative phosphorylation, also induced the invasion by twofold. Although not shown, CCCP also induced cathepsin L and TGFb activities, as well as the cellular levels of calcineurin, ERK1/ERK2 and other factors. The level of invasion with mtDNAdepleted cells was inhibited 50 -60% by cathepsin L inhibitor and TGFb antibody. Furthermore, stable expression of anti-sense cathepsin L and anti-sense TGFb1 RNAs also reduced the invasion level of mtDNA-depleted cells by 50 -60%.
Recent results in our laboratory showed that mitochondrial stress induces the activation of NF-kB/ Rel factors through selective inactivation of inhibitory factor, IkBb (Biswas et al., unpublished results) , which is closely associated with altered expression of a number of nuclear gene targets. We evaluated the (Amuthan et al., 2001) . (e) In vitro invasion by different cell types through reconstituted Matrigel basement membrane system. Invasion assays were carried out using 3 H-labeled cells, as described in Materials and methods. CCCP (25 mM) treatment, when given, was for 5 h prior to loading on the Matrigel matrix dominant negative effects of IkBb overexpression in mtDNA depleted cells on the levels of cathepsin L and TGFb and also the invasive property of these cells. Immunoblot in Figure 7a shows that the levels of cathepsin L and TGFb in mtDNA depleted A549 cells were reduced by 40 -50% by overexpressing IkBb. As shown in Figure 7b , IkBb overexpression also inhibited the transcriptional activity of cathepsin L promoter construct as well as the invasion activity by 30 -40% in mtDNA depleted A549 cells. These results together suggest that the mitochondrial stress-induced overexpression of cathepsin L and TGFb1 are important contributing factors in the increased invasive behavior of mtDNA-depleted cells.
Discussion
Ca
2+ acts as a second messenger in a number of different signaling pathways and plays a critical role in a myriad of different physiological and pathological processes, including oncogenesis (Richter, 1993; Missiaen et al., 2000) . In almost all known cases Ca 2+ signaling is initiated by extracellular events or stimuli (Riccardi, 1999; Hofer et al., 2000) in communication with cell's plasma membrane. In a recent study, however, we showed that genetic or metabolic stress, specifically affecting mitochondrial Dc m , results in the activation of a novel type of Ca 2+ signaling in C2C12 myocytes. In view of existing controversies on the role of mitochondrial DNA damage in cancer, this new concept clearly requires further documentation using other cell types. The present study provides confirmatory evidence for the occurrence of mitochondrial stress-induced Ca 2+ signaling in human lung carcinoma A549 cells in addition to showing the induced expression of antiapoptotic markers that may be essential elements of the mitochondrial stress-induced tumor progression and invasion. The signaling mechanism we described is probably analogous to the retrograde signaling mechanism in r 0 yeast cells (Liao and Butow, 1993) , which involves the activation of bHLH Rtg factors (Rothermel et al., 1995) .
To help establish a direct link between mitochondrial stress-induced disruption of Dc m and various biochemical and phenotypic changes in cells, we used partial depletion of mtDNA as a model for inducing mitochondrial stress. This system allowed us to determine the reversibility of the process when the mtDNA content was brought back to near normal cell level. It is seen that reversal of mtDNA content in reverted cells to about 85% of control also showed nearly complete recovery of COX activity, and as expected, restored transmembrane potential, Dc m . Interestingly, mitochondrial stress signaling defined by the collapse of Dc m caused a change in cell morphology, suggesting phenotypic alterations. All these changes were reversed partly or completely by restoration of mtDNA content and re-establishment of Dc m , providing proof that these processes are directly linked to reduced mtDNA content.
A balance between the rates of Ca 2+ influx and Ca 2+ efflux at the plasma membrane determines the steady state Ca 2+ ([Ca 2+ ] c ) (Berridge, 1993) . There is also compelling evidence that Ca 2+ , released through select sources such as the IP3 regulated release, is preferentially taken up by mitochondria, possibly due to proximity of the mitochondrial import sites with the ER release sites (Szalai et al., 1999) . In fact, mitochondrial uptake of large amounts of Ca 2+ is thought to be an important factor in apoptosis (Andreyev and Fiskum, 1999; Gutierrez et al., 1999; Stridh et al., 1999; Iwakura et al., 2000) . Recent studies show that disruption of Dc m also induces mitochondrial permeability pore transition, a major site of mitochondrial Ca 2+ transport. The buffering effect of mitochondria and their ability to clear cytoplasmic free Ca 2+ depend on negative Dc m and an intact mitochondrial Na + /Ca 2+ antiport system (Rizzuto et al., 1993; Hansford, 1994; Ichas et al., 1994; Hajnoczky et al., 1995; Babcock et al., 1997) . In a previous study (a) were used for the in vitro invasion assay as described in (b) above. In all cases mean+s.d. were derived from 3 -5 estimates we showed that both mitochondrial genetic and metabolic stress in C2C12 myocytes induced the expression of skeletal muscle-specific RyR1 Ca 2+ channel gene. In support of these observations, results of the present study show that both mtDNA depletion (genetic stress) and treatment with CCCP (metabolic stress, results not shown) caused a 2 -3-fold increase of steady state Ca 2+ , and induced expression of epithelial cell-specific RyR2 Ca 2+ channel gene. A notable point is that both C2C12 cells and A549 cells subjected to mitochondrial stress show marked increases in caffeinemediated Ca 2+ release (RyR specific), but a marked reduction in acetylcholine mediated (IP3 regulated sources) Ca 2+ release. The reasons for this altered response to agonists currently remain unclear. It should also be noted that both the increase in [Ca 2+ ] c and increased expression of RyR channel proteins were readily reversible by reversing the mtDNA contents and re-establishing Dc m , indicating a direct link.
As previously shown for C2C12 cells, the mitochondrial stress also resulted in increased Ca 2+ and calmodulin-sensitive calcineurin, which is known to regulate the activation and subsequent nuclear localization of transcription factors such as NFATc. As expected, the level of nuclear NFATc was increased, as was the level of JNK-activated ATF2 in mtDNAdepleted cells. A number of other nuclear targets were induced, including calreticulin, calsequestrin, antiapoptotic factors Bcl2 and Bcl-X L , as seen by increased protein levels (Figure 5a ) and also increased mRNA pools (results not shown). A notable difference from the C2C12 cell system was that P44 and P42 MAP kinases were also activated in A459 cells subjected to stress. The activation of MAP kinase in A549, but not in C2C12 cells, probably reflects cell-specific differences in mitochondrial stress-induced activation of different signal pathways. Our results are consistent with a previous study (Luo et al., 1997) , which showed that ERK1 and ERK2 were induced in phechromocytoma PC12 cells treated with FCCP, a mitochondria-specific ionophore, which also caused an increase in steady state [Ca 2+ ]. Additionally, increased mitochondrial H 2 O 2 , possibly representing mitochondrial stress, also induced MAP kinases in Hela cells (Nemoto et al., 2000) .
An important observation of this study relates to the induction of tumor-specific markers cathepsin L and TGFb1 in mtDNA-depleted as well as CCCP-treated A549 cells. We observed that not only was there an increase in the cellular cathepsin L protein level as tested by immunoblot, but also an increase in both intracellular as well as excreted cathepsin L activity in cells subjected to stress. In line with our previous study with C2C12 cells, mitochondrial genetic stress induced the invasive behavior by 3 -4-fold in a Matrigel assay system. Interestingly, stable expression of anti-sense cathepsin L and anti-sense TGFb1 RNAs, which caused a marked decrease in the respective protein levels, also reduced the invasive behavior. Similarly, cathepsin L inhibitor alone or TGFb1 antibody alone caused partial reduction in invasion rates. However, cathepsin L inhibitor and TGFb1 antibody together caused a complete inhibition of invasion below the level of control cells (results not shown), indicating that both tumor marker proteins partly contribute to the observed invasion. A direct support for this possibility was provided in experiments showing a marked reduction in intracellular cathepsin L and TGFb by anti-sense RNA expression or overexpression of NFkB inhibitory factor, IkBb, also reduced the invasive property of mtDNA depleted A549 cells.
In summary, results of this study with A549 lung carcinoma cells confirm and extend our previously suggested model (Amuthan et al., 2001 ) that mitochondrial genetic and metabolic stress induce phenotypic changes and altered patterns of nuclear gene expression. It is known that mtDNA depletion renders some cells more sensitive to apoptotic stimuli (Jiang et al., 1999) while opposite effects are observed in other cells (Dey and Moraes, 2000) . We believe that the disparity in the literature on the role of mtDNA depletion on the tumorigenic properties of different cells (Morais et al., 1994; Cavalli et al., 1997; Arnould et al., 2002) probably relate to different nuclear gene targets affected in these cells, and their ability to resist apoptosis. In both C2C12 and A549 cells depletion of mtDNA caused increased expression of anti-apoptotic markers Bcl2 and Bcl-X L , in addition to an unusual induction of both glycolysis and gluconeogenesis. Recent studies suggest a correlation between increased glucose metabolism with resistance to apoptosis (Vander Heiden et al., 2001) . Although not shown both of these cell types showed considerable resistance to apoptosis in response to staurosporine. We propose that increased invasive behavior of these mtDNA depleted cells is directly or indirectly associated with their relative resistance to apoptosis. It is therefore likely that while mitochondria-to-nucleus stress signaling causing changes in nuclear gene expression (Biswas et al., 1999; Amuthan et al., 2001; Arnould et al., 2002) seems to be a common phenomenon, the role of this signaling pathway in tumor progression and invasion might be restricted to only some types of tumors.
Materials and methods
Cell lines and culture
Human pulmonary carcinoma A549 cells (ATTC CCL 185) were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum and 0.1% gentamycin. Depletion of mtDNA was carried out by ethidium bromide treatment (EtBr, 100 ng/ml, for 30 passages) essentially as described before (Biswas et al., 1999) . About 10 clones of cells representing individual colony were selected and screened for mtDNA content. The cell lines exhibiting reduced mtDNA content were grown in the presence of 1 mM sodium pyruvate and 50 mg/ml uridine, and frozen as aliquots in liquid nitrogen. One cell line exhibiting 80% reduction in mtDNA content (hereafter referred to as mtDNA-depleted cells) was grown for 25 cycles in the absence of EtBr to generate reverted cells, whose mtDNA content was restored to over 80% of the control cell level. To ensure steady mtDNA levels, aliquots of the same cell isolate were used in all experiments and the mtDNA contents were routinely assayed in each experiment.
Northern blotting
Total RNA isolated from the cultured cells using the guanidine thiocyanate procedure (Chomczynski and Sacchi, 1987) was hybridized with 32 P-labeled cDNA probes under standard conditions (Schleicher & Schuell Laboratory Manual) . Gel purified, double-stranded DNA probes were labeled with 32 P-dCTP (6000 Ci Mmol -1 , Dupont, NEN) by random primer extension using the klenow polymerase. RNA loading was normalized by hybridizing the stripped blots with a 32 P-labeled 18S DNA probe. The Northern blots were imaged and quantified using Bio-Rad GS-525 molecular imager.
Cytochrome oxidase (COX) assay COX activity was assayed spectrophotometrically by the method described by Smith (1955) , wherein the rate of oxidation of ferrocytochrome c was measured as decrease in absorbance at 550 nm. Assays were performed in 1 ml reaction volume containing 50 mM PO 4 72 (pH 7.0), 0.05% lauryl moltoside, 1 mM EDTA and 1 mg mitochondrial protein. The reaction was initiated by the addition of 80 mM ferrocytochrome c. Ferrocytochrome c concentrations were determined using an absorbance coefficient (reducedoxidized) at 550 nm of 21.1 mM 71 cm 71 . The COX activity is expressed in mol.min 71 mg protein 71 .
Measurement of mitochondrial membrane potential and calcium release
Measurements were carried out spectrofluorometrically in cell suspension essentially as described by Szalai et al. (1999) ) were suspended in 1 ml of intracellular medium (ICM) containing 20 mM HEPES-Tris pH 7.2, 120 mM NaCl, 5 mM KCl, 1 mM KH 2 PO 4 . All the buffers and solutions were passed through a Chelex column to remove residual Ca 2+ and supplemented with 1 mg/ml of each of antipain, leupeptin and pepstatin. The membrane potential was measured as a function of mitochondrial uptake of MitoTracker Orange CM-H 2 TM ROS (50 nM) added to the cell suspension. Fluorescence was monitored in a multiwavelength-excitation dual wavelength-emission Delta RAM PTI spectrofluorometer at 525 nm Excitation and 575 nm Emission (Buckman et al., 2001) .
Calcium release was measured essentially as above with non-permeabilized cells. The cells were loaded with membrane-permeable Fura 2FF/FA (1 mM) for 20 min at room temperature. The cells were pelleted, washed with ICM and resuspended in 1 ml of ICM to measure both basal [Ca 2+ ] and the Ca 2+ release in response to 20 mM caffeine and 10 mM acetylcholine. Fluorescence was monitored at excitation 340/380 nm and emission at 510 nm. Calibration of Fura 2FF/FA signal was carried out as in the Delta RAM PTI suggested protocol using a calibration buffer containing 10 mM EGTA-Tris-HEPES, pH 8.5 and 5 mM NaCl.
Cell fractionation and immunoblot analysis
Cells were homogenized in a cocktail of 300 mM sucrose, 10 mM Tris-HCl (pH 7.5), 10 mM NaCl, 5 mM MgCl 2 , 1 mM NaVO 4 , 100 mM molybdic acid, 10 mm NaF, 100 mM EDTA, 1 mM phenylmethylsulfonyl fluoride and 50 mg protease inhibitor (Roch Molecular Biochemicals, Indianapolis, IN, USA) in a Dounce homogenizer and fractionated into nuclear, post-mitochondrial and mitochondrial fractions as described before (Addya et al., 1997) . Isolation of nuclear protein fraction was as described before (Biswas et al., 1999) . Proteins resolved on polyacrylamide gels were subjected to immunoblot analysis using antibodies. The immunoblots were developed using the Pierce Super signal West Femto maximum sensitivity substrate kit, imaged and quantified in a Bio-Rad Fluor-S imaging system.
Assays for phosphoenolpyruvate carboxykinase, hexokinase and ATP content
Total cellular ATP levels were determined by bioluminescence using ATP-bioluminescent somatic cell assay kit (Sigma-Aldrich). The assay is based on ATP-coupled activation of firefly luciferase system. ATP-dependent formation of light was measured in a Luminometer (TD-20/20 Turner Designs) with appropriate ATP standards. Phosphoenolpyruvate carboxykinase activity was assayed by the radiochemical carboxylation assay (Jones and Ashton, 1976) in a buffer system containing 100 mM imidazole-HCl, pH 6.6, 1.5 mM PEP, 100 mM KH 14 CO 3 (10 mCi), 2 mM MnCl 2 , 1.25 mM sodium IDP, 2 mM glutathione, 2.5 mM NADH and 5 units of malate dehydrogenase. The assay procedure was essentially as described by Jones and Ashton (1976) . Hexokinase assay was carried out according to Mira et al. (1967) . The glucose 6 phosphate produced in the hexokinase reaction was coupled to glucose 6 phosphate dehydrogenase. The rate of NADPH production was measured by following the increase in absorbance at 340 nm.
Stable expression of anti-sense RNA
A 203-bp fragment (10 bp upstream of ATG and 190 bp downstream of ATG) each of mouse cathepsin L, and mouse TGFb1 cDNAs were generated to include 5' Xba1 and 3' EcoRI sites by PCR amplification. The fragments were cloned in the XbaI and EcoRI sites of mammalian expression vector, pCI-Neo (Promega, Madison, WI, USA) to obtain anti-sense RNA expression plasmids. Cells were seeded in 60-mm culture dishes grown overnight with 10 mg DNA using Fugene 6 transfection reagent (Roche Molecular Biochemicals) and cultured for 48 h. Stably transfected cells were selected by the ability of cells to grow in the presence of added antibiotic, G-418 (750 mg/ml). The medium was changed every 3 days until the drug-resistant colonies appeared. The stable transfected cells were maintained in 400 mg/ml G-418.
Measurement of cathepsin L activity
Cathepsin L activity was determined as described (Sheahan et al., 1989) using the synthetic substrate benzyl-phenylalaninearginine -4 -methoxy -2 -naphthylamide (Z -Phe-Arg -MNA) (Enzyme Systems products Dublin, CA, USA). The details of this assay were described recently (Amuthan et al., 2001) .
Cathepsin L promoter activity was assayed by transient transfection with murine cathepsin L promoter constructs as described previously (Amuthan et al., 2001 ).
In vitro invasion assay
The in vitro invasion assays were carried out as described previously (Yagel et al., 1989) . The Matrigel invasion chambers were prepared at 1 : 2 dilution of Matrigel (Becton Dickinson, Belford, MA, USA) according to manufacturer's protocol. Cells (5610 4 ) uniformly labeled with 3 H dU (American Radiochemicals, Inc) for 24 h, were loaded on top of the Matrigel layer. After 24 -48 h of incubation at 378C, non-invading cells and the Matrigel layer were quantitatively removed and the microporous membrane containing the invaded cells were counted in a scintillation counter to determine the extent of invasion. While testing the inhibitor or antibody-treated cells, the Matrigel also contained the appropriate amounts of inhibitors or antibodies.
